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I. INTRODUCTION AND SCOPE OF THESIS 
The studies described in this thesis were carried out as 
part of a broader project, the purpose of which is to estab­
lish criteria for the determination of the suitability of 
carbonate rocks for use as coarse aggregate in portland cement 
concrete. Such studies are of particular interest in areas 
where the geological setting makes the use of carbonate aggre­
gates mandatory in large scale highway developments. 
Coarse aggregate, as differentiated from fine aggregate 
which is usually quartz sand, comprises some lj.0-50 percent of 
concrete by volume. If this fraction consists of unsuitable 
material, it may contribute to immature deterioration of the 
product through physical and/or chemical processes. Although 
the effects of these two types of processes may be difficult 
to separate, it is necessary to consider both aspects in a 
critical evaluation of methods used to establish specifica­
tions for selecting aggregate. The studies described herein 
are concerned with the chemical reactivity of certain carbon­
ate rocks in a portland cement concrete environment. The main 
investigative approach was direct, in that studies were based 
on actual laboratory duplication of the type of chemical ac­
tivity which develops the features observed in samples of 
distressed highway concrete. 
In addition, other approaches were directed toward a 
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better understanding of the chemical behavior of these partic­
ular carbonate rocks, and how this behavior is affected by the 
non-carbonate fraction of the rocks. This latter approach has 
resulted in observations which are believed to be of geologi­
cal Interest. 
Scope of Thesis 
The technical information which forms the basis of this 
dissertation has appeared in several publications (Bisque and 
Lemish, 1958; Bisque and Lemish, 1959; Bisque and Lemish, 
1959a; Lemish et al, 1958; Lemish and Bisque, 1959) and an 
unpublished master's thesis (Bisque, 1957). The information 
in these reports is summarized and additional pertinent data 
are presented. The main objectives of this thesis are: 1) 
coordination and supplementation of the information included 
in the manuscripts referred to above, and 2) discussion of 
the engineering and geological significance of the study. 
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II. BRIEF REVIEW OF PERTINENT LITERATURE 
A considerable volume of literature concerned with the 
types of chemical activity which are initiated by various 
kinds of coarse aggregate has appeared in the published 
literature. A great number of these studies have dealt with 
some phase of the so called "alkali-aggregate reaction" which 
is known to be deleterious to the strength of concrete. This 
reaction involves reactive forms of silica which are intro­
duced into concrete as part of the coarse aggregate. The 
silica reacts with caustic from the cement and produces 
siliceous gels or sols which are believed to act as centers 
of stress. This stress presumably develops because of swell­
ing or expansion of the gels (Conrow, 1952; Hansen, 191j4? 
Hester, 1953» Powers and Steinour, 1955)* Some investigators 
have observed indications that the damage has already occurred 
before the gels appear and postulate that the stress is due to 
direct swelling of aggregate particles themselves during at­
tack by alkali. The gel is then leached from the aggregate 
particles and deposited in cracks already formed by the swell­
ing of the aggregate (Brown, 1955)• 
Extensive studies have been carried out to determine the 
exact mechanism of the reaction itself and of the stress 
caused by the reaction products (Conrow, 1952; Hansen, 19^ 4; 
Hester, 1953; Powers and Steinour, 1955; Stanton, 1940; 
Mielenz, 1958). Results of Investigations to date have shown 
that detrimental effects of this reaction cannot be simply 
related to either the amount of alkali or the amount of reac­
tive material present. The overall effect seems to result 
from a combination of factors which include the availability 
of alkali and water, the particle size of the reactive portion 
of the aggregate, temperature and moisture conditions during 
the curing and service of the concrete, the ratio of alkali to 
reactive silica present, and the permeability of the cement 
paste. A recent review of the research on this problem was 
written by Halstead and Chaiken (1958). 
This type of activity would not be associated with car­
bonate aggregates unless they contained appreciable quantities 
of reactive chert. À list of the most common alkali-reactive 
rocks is included in Special Report No. 31 of the Highway 
Research Board (1958, p. 4). This list includes, among other 
rock types, opaline, chalcedonic, and quartzose cherts, 
"siliceous limestones", and "siliceous dolomites". 
Other reports (McConnell et al, 1950; Lerch et al, 1929; 
Rhoades and Mielenz, 1948; Slate, 1950) deal with minor con­
stituents of aggregates such as sulfates which may initiate 
deleterious chemical activity in concrete. One of the first 
discussions concerned with carbonate rocks as concrete aggre­
gate was written by Laughlin (1928). Since that time, very 
little study has been directed toward the chemical aspects of 
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the problem. Since Laughlin' s report and prior to the publi­
cation of results of the present study, several notable papers 
concerned with the pétrographie and physical aspects of the 
problem have appeared (Mather et al.» 1953; Mather, 1953; 
Sweet, 1948). Mather (1953) stressed the need for more thor­
ough investigation of the many variables within carbonate 
rocks which may influence their performance as concrete aggre­
gate. 
Although some mention is made of the effect of clay in 
carbonate aggregates, the exact nature of its effects has not 
been quantitatively investigated (Roy et al., 1955; Mather, 
1953; Rockwood, 1953). 
The type of deleterious chemical activity described in 
this thesis and in the related technical reports is shown to 
be distinct from the alkali-aggregate reaction. It is also 
established that the clay fraction of the carbonate aggregates 
is involved and responsible for the type of activity described. 
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III. SOURCE AND CHARACTER OF THE ROCKS STUDIED 
Geologic Age and Location of Quarries 
The carbonate rocks involved in this study are found in 
the Devonian Cedar Valley formation which is exposed in a 
northeast-southwest trending belt in eastern Iowa. The quar­
ries which were sampled are grouped in the central part of 
this belt (Lemish et al» 1958, p. 2.). 
General Lithologie Character 
The Cedar Valley formation consists almost entirely of 
carbonate rocks which vary in composition from pure limestones 
to calcitlc dolomites. The dolomitic rocks are frequently of 
argillaceous and/or cherty character. 
The formation is subdivided into three members, the 
Solon, Rapid and Coralville. The Solon member is essentially 
a massive, fine-grained, gray to buff limestone with charac­
teristic zones of black fossil fragments. This is overlain 
by the Rapid member which consists mainly of a gray, argil­
laceous calcitlc dolomite with abundant chert nodules. The 
Coralville member is generally a buff-colored rock and varies 
both laterally and vertically from a calcitlc dolomite to a 
very dense, ultra fine-grained limestone. The overall thick­
ness of the formation varies from 75 to 100 feet. 
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Highway service records have shown that rock from the 
Rapid member is very undesirable for concrete aggregate. 
Aggregate from the Rapid member of the Glory quarry near 
Waterloo has been condemned because of the poor service record 
of the concrete highways constructed with it. 
The Rapid member was sampled at the Glory quarry and the 
rock used as a comparative standard in studying other aggre­
gate sources. A pétrographie description of rocks from the 
Rapid, Solon and Coralville members is included in a report 
by Lemish et al. (1958, p. 5)• 
Sampling 
Rock from each of the quarries concerned was sampled on a 
bed by bed basis with the omission of only thin beds of shale, 
which in all cases constitute less than two percent of the 
total exposed thicknesses. Quarry operations such as screen­
ing, etc. effectively remove the shale. A detailed account of 
the method of sampling and treatment of the bulk sample is 
included in an unpublished manuscript (Bisque, 1957» p. 15-
16. 
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IV. METHODS OF CHEMICAL INVESTIGATION USED 
Analysis for Major Constituents 
A representative portion of each sample taken from the 
quarry was analyzed for calcium, magnesium and insoluble 
residue, i.e. percent of material insoluble in 3N hydro­
chloric acid. This analysis was used as a chemical "descrip­
tion11 of a rock in comparing and correlating laboratory in­
vestigations of different rock types. In some phases of study 
the rocks were analyzed for calcium, magnesium, iron, alumi­
num and silica. Considerable time was spent In adapting a 
volumetric method for the determination of aluminum. Since 
aluminum is the best element-index of clay content in a 
carbonate rock, it is desirable to have a relatively rapid, 
yet accurate method of analysis. A very satisfactory pro­
cedure was developed utilizing EDTA (ethylenediaminetetracetic 
acid). Since this same reagent may be used to determine cal­
cium, magnesium and iron in carbonate rocks (Cheng et al., 
1952), it is convenient in its application to the determina­
tion of aluminum. The method involves a back titration of 
excess EDTA with zinc, dithizone being used as a visual 
indicator. The procedure has given excellent results in the 
hands of three different operators. Details and data are 
given in the appendix. 
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No attempt was made to determine sulfide or manganese 
in routine analyses. Tests indicated that these ions played 
no significant role in the type of deleterious chemical ac­
tivity subsequently described (See Section VIII, Experimental 
Shell Growth in Concrete). 
Detennlnation of "Available" Minor Constituents 
Studies were made to determine the type and amount of 
material which might be leached or extracted from various car­
bonate rocks by a basic solution such as would be in equilib­
rium with cement paste. Finely ground rock samples (passing 
100 mesh) were extracted with basic solution, pH 12, to deter­
mine what ions might be available for reaction in concrete. 
Aside from traces of silica, aluminum, calcium, magnesium and 
chloride, the only material leached in significant amounts was 
sulfate, presumably from disseminated gypsum. The amount ex­
tracted with agitation of the samples never exceeded 0.25 
percent of the total rock (Bisque and Lemish, 1958, p. 30). 
In 1948, the Bureau of Reclamation restricted the amount of 
gypsum in coarse aggregate to less than 0.25 percent by weight 
(Rhoades and Mielenz, 1948, p. 39-40)» Since careful investi­
gation of the secondary deposits found in samples of affected 
concrete showed no evidence of significant amounts of sulfate 
being involved, it was assumed that materials leached from the 
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carbonate aggregate were not Involved in promoting extraneous 
chemical activity. See Section VI, Examination of Sound and 
Distressed Concrete from Highways. 
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V. STUDY OF THE CLAY FRACTION 
Grim (1953# p. 359) states that the study of the clay 
fraction of limestones and dolomites is difficult because of 
the acid treatment which is usually used to dissolve away the 
carbonate minerals. In this study the clay fraction of argil­
laceous rocks was separated via a flotation method which 
avoids acid treatment. The details of this method are given 
by Bisque and Lemish (1958, p. 33)• 
In thin sections of the rocks studied the non-carbonate 
fraction appears as disseminated, semi-opaque specks in the 
calcitlc matrix. The material is conspicuously less prevalent 
in the clear dolomite rhombs of dolomitic rocks (Bisque and 
Lemish, 1959a, Fig. 22). Seams, vugs or other concentrations 
of clay material are rarely found. 
X-ray diffraction patterns of the clay-size fraction of 
more than seventy-five different lithologie units from five 
quarries were very similar. The patterns indicated a slight 
variation in the carbonate content as was evidenced by the 
Intensity of the prominent carbonate reflection at 29.45 
degrees 2 0 (Bisque and Lemish, 1959a, p. 34) • The variation 
in the amount of effervescence produced by dropping concen­
trated hydrochloric acid on the dry clay sample is a fair 
indication of the effectiveness of the separation. The 
effectiveness is probably influenced by the fineness to which 
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the rook sample is ground prior to separating the clay and 
perhaps dependent on the nature of the spatial relationship 
of the clay particles and the carbonate minerals in the rock. 
The most prominent reflection from every clay sample 
resulted in a band at 8.8 degrees 2 • This corresponds to 
the 10 angstrom spacing of a mica or an illitic clay. The 
illite band is often modified in that it tails off slightly 
toward the low angle region. This is a result of small 
particle size, variation in the type of interlayer cations 
and possibly interlayer hydration (Grim, 1953, P« 67). This 
"tailing off" at low angles is apparent in the diffraction 
patterns of both an illite standard and the illitic clay 
separated from rocks in this study (Bisque and Lemish, 1958, 
Pig. 5)• Illitic clay is not an uncommon constituent of 
carbonate rocks. Grim et al. (1937) in analyses of 35 
Paleozoic carbonate rocks found illite in all of them. 
Glycolation of the clay samples caused no expansion, 
differentiating the clay from a montmorillonite and heating to 
550° C. caused no changes, eliminating vermiculite (Grim, 
1953, pp. 55 and 74)• Kaolinlte was detected in several in­
stances but in each case it was shown that its presence was 
due to contamination of the samples by soil at the quarry. 
If pieces of bulk rock were washed thoroughly before treating 
to concentrate the clay fraction, kaolinite was not detected. 
Studies were made to determine whether the clay sépara-
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tion technique could be standardized and the resulting dif­
fraction patterns used as a semi-quantitative indication of 
the amount present in a rock. The intensity of the 10 ang­
strom reflection given by the clay fraction after separation 
was plotted against the amount of aluminum dissolved by 
hydrochloric acid when a sample of the rock was prepared for 
chemical analysis. The correlation noted (Bisque and Lemish, 
1958» Pig. 6), indicates that the method may be suitable for a 
rough approximation. There is no sound basis to assume, how­
ever, that the amount of aluminum soluble in hydrochloric acid 
is proportional to the amount of clay mineral in the rock. 
This is considered further in Section IX, Discussion. Analy­
ses have been run to determine the relationship between 
"soluble aluminum" in these rocks and the total amount of 
aluminum as determined by fusing the samples. Data are given 
in Table 3 of the Appendix. 
Chemical analysis of the clay fraction separated from 
unacceptable aggregates is presented and discussed in Section 
IX. 
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VI. EXAMINATION OF SOUND AND DISTRESSED CONCRETE 
FROM HIGHWAYS 
Samples of distressed concrete were taken from waste 
piles where sections of poor highway had been replaced and 
from cores removed from deteriorating pavement. In these 
samples the carbonate aggregate fragments commonly displayed 
visible "rims" or "shells" which penetrated up to 1/4 inch 
into the particles (Bisque and Lemish, 1958, 7, 9 and 14). 
Thin section analysis of these zones revealed a change in the 
character of the optical properties of the host rock vs. the 
shell zone but it was not possible to define any new mineral 
phase in the shell zone (Lemish et al., 1958, pp. 11-14)• 
These observations did Indicate that some exchange or addition 
of materials had taken place in the periphery of the aggregate 
fragments. This was substantiated by the chemical and porosi­
ty studies described below. 
Chemical 
Acid etching of plane surfaces cut to expose aggregate 
particles in affected concrete samples demonstrated conclu­
sively that a chemical change had occurred. The peripheral 
shell zone was etched away much more slowly than the unaf­
fected interior of the carbonate fragments, leaving a promi­
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nent ridge. Similar etching of aggregate fragments without 
reaction shells demonstrated that there was no alteration of 
the solubility at the particle boundary (Bisque and Lemish, 
1958, Pigs. 9-17)• Samples of shell zones were removed from 
pieces of affected concrete by chipping away the host rock and 
cement paste. The final "cleaning" of the shells was done 
with a file. Chemical analysis of these shell zone samples 
and fragments of the corresponding host rock showed an in­
crease in insoluble residue and/or silica in the shell zone 
(Bisque and Lemish, 1958, p. 39)• 
A representative sampling of the type of carbonate aggre­
gate which develops reaction shells was made by chipping frag­
ments from the unaffected interior portion of some fifty 
pieces of "rimmed" aggregate. A similar sampling of fragments 
with no reaction shells was taken from the same concrete sam­
ple. Chemical analyses of the two aggregate samples proved a 
significant difference in the composition of the rock types 
which are differentiated by the presence or absence of reac­
tion shells (Bisque and Lemish, 1958, p. 35)• Rocks with a 
high percent of magnesium and an appreciable amount of insolu­
ble material were host to shell growth whereas rocks with 
lesser amounts of these constituents were not. In analyzing 
rocks from several quarries It was found that there is a 
marked correlation between the amount of magnesium and the 
quantity of insoluble material (Bisque and Lemish, 1959). 
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Porosity 
The effective porosity of the shell samples removed from 
distressed concrete was determined with a mercury capillary 
pressure apparatus. The average effective porosity of the 
host rock taken from the interior of the aggregate particles 
with shells was greater than 6.0 percent, while the porosity 
of the shell zone samples never exceeded 0.2 percent (Bisque 
and Lemish, 1958» p. 39)• 
X-ray diffraction patterns of material from both zones 
of an affected aggregate particle showed no significant or 
interpretive differences. 
Thin section examination of shell zones from samples of 
distressed highway concrete is discussed by Lemish et al. 
(1958, pp. 11-14). 
All of the distressed highway samples taken were investi­
gated for evidence of secondary deposits. Most of the depos­
its found were pure calcium carbonate, although several con­
tained detectable amounts of sulfate and a few distinct, 
scattered deposits, which were not analyzed, were assumed to 
be siliceous gels. The sulfate detected may have been present 
as gypsum or calcium suifo-aluminate (Lerch et al., 1929)• 
The occurrence of deposits other than calcium carbonate were 
considered to be too Infrequent to demand further study. 
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VII. SILICA AND FLUORIDE REACTIVITY 
Sine© the chemical analyses of shell zones from samples 
of affected concrete indicated that the change in character 
was accompanied by an increase in silica content, studies 
were made to determine whether the type of carbonate rocks 
which display reaction shells in concrete actually "react 
with" silica under similar conditions. The pH of the solu­
tions which result when portland cement paste is equilibrated 
with distilled water is approximately 12. 
Silica 
Various types of carbonate rock fragments were placed in 
0.5 percent solutions of sodium meta-sillcate at pH 12 for 
several weeks. They were then removed, broken to expose a 
fresh surface, and examined under a pétrographie microscope. 
Faint lines were observed along the periphery of some of the 
particles of the more argillaceous carbonate rocks. These 
lines appeared slightly darker than the host rock, and were 
not present as a "skin" on the aggregate particles, but ac­
tually a few millimeters from the surface. Etching with 3 N 
hydrochloric acid resulted in differential solution which 
accentuated the narrow zones (Bisque and Lemish, 1958# pp. 
lj.O-ij.1), demonstrating that the periphery of the rock was less 
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soluble than the interior. This phenomena did not occur with 
pure limestones, i.e. rocks which contained considerably less 
insoluble material. 
To investigate this silica reactivity more quantitative­
ly, a given weight of washed carbonate fragments of a given 
siene size was placed in each of a series of polyethylene 
bottles and equilibrated with a given volume of 5 x 10"4 m 
sodium silicate solution at pH 10. Samples of the solutions 
were taken at progressive time intervals and analyzed for 
silica content. Although no precipitate formed in the solu­
tion, the silica concentration was depleted. The rate and 
extent of depletion was found to vary with the type of car­
bonate rock used (Bisque and Lemish, 1959a, p. 2 and Pig. 1). 
The more impure carbonate rocks consumed greater quantities 
of silica than did the relatively pure limestones. If the 
silica solutions were replenished after several days of 
equilibration, the same depletion of silica concentration 
again took place, with only minor decreases in the amounts 
finally consumed at a given time interval. A slow decrease 
in capacity for silica "consumption" was apparent. Data re­
sulting from such studies are included in Tables 4 and 5 of 
the Appendix. 
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Fluoride 
The observation that more silica is consumed by impure 
carbonate rocks was taken to be an indication that either the 
silica did not react with or replace the carbonate minerals, 
or, if such a replacement did occur it was at least influenced 
by some fraction of the non-carbonate material present. Since 
the fluoride ion rapidly displaces carbonate from calcite and/ 
or dolomite to fora the corresponding fluorides, it was felt 
that the rate and extent of this reaction would be interesting 
to compare with the silica reactivity of the same rock. 
Hydrofluoric acid is commonly used to replace carbonate fos­
sils of varying composition (Cookson and Singleton, 1954; 
Grayson, 1956; Sohn, 1956; Hpshaw et al., 1957). 
The susceptibility to replacement by fluoride i.e. the 
"fluoride reactivity" of samples was determined by equilibrat­
ing a given weight of washed, sorted, aggregate chips with a 
given volume of 0.01 M hydrofluoric acid solution in poly­
ethylene bottles (Bisque and Lemish, 1959a). Aliquots of the 
solution were removed after given time intervals and the fluo­
ride determined by titration and thorium nitrate (Willard and 
Winter, 1933)• Carbonate rocks showed marked differences to 
susceptibility to replacement by fluoride. Pure limestones 
consumed very high percentages of the total available fluo­
ride while more "impure" rocks depleted the concentration to 
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lesser extents. 
The fact that the silica and fluoride reactivities of 
carbonate rocks are not directly related has been demonstrated 
by determinations on samples from 22 different lithologie 
units# Data from these determinations is given in Table lj. of 
the Appendix. The relationship between the fluoride and silica 
reactivities is seen- to be more inverse than direct. This is 
further discussed in Section IX. 
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VIII. EXPERIMENTAL SHELL GROWTH IN CONCRETE 
Since it was observed that the carbonate rock-silica 
reaction proceeds at a measurable rate in dilute aqueous 
solution, attempts were made to grow reaction shells on 
aggregates in experimental concrete bars under laboratory 
conditions. Forty bars (2" x 2" x llj.n) were prepared accord­
ing to specifications in the laboratory of the Iowa State 
Highway Commission. Two main types of aggregate, acceptable 
and unacceptable, differentiated on the basis of service 
records, were used in these bars. After proper setting and 
aging for periods up to two months these bars were subjected 
to one of three different environments: 
A. Room temperature with no added moisture 
B. Immersed in distilled water at 120°-125>° F. 
C. Alternate soaking and drying (soaked in distilled 
water at room temp, for 2lj. hours and dried at 
Hj.O° F. for 2!| hours). 
After several weeks, sections of some of the bars were 
cut into thin wafers to expose the aggregate. Visible reac­
tion shells had already formed in the unacceptable aggregate 
in those bars which were kept in environments B or C. These 
same rocks developed no shells in environment A. The accept­
able aggregates developed no visible reaction shells in either 
of the three environments. In each case the presence or 
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absence of the shell was also determined by acid etching of a 
smooth section of the bar (Bisque and Lemish, 1959a, Figs. 3-
14). 
Since the alkali aggregate reaction commonly results in 
excessive expansion of the concrete involved, it was felt that 
the length changes of experimental bars should be observed. 
Length changes which occurred in environments A and C in two 
months are shown in Tables 6 and 7 of the Appendix. Although 
very distinct reaction shells formed In bars made with unac­
ceptable aggregate, the expansion never exceeded 0.02 percent 
and averaged 0.01 percent. There is no established value for 
"excessive expansion". It is generally considered that in an 
environment of 100° F. over water, 0.1 percent expansion in 
six months' time is deleterious (Mather, 1958, p. 21). Al­
though the tests in this study were made under different con­
ditions some comparison can be made. The formation of distinct 
reaction shells (Bisque and Lemish, 1959a, Figs. 10 and 11) in 
these bars caused an average expansion of 0.01 percent al­
though the environment was considerably more intensive. 
To achieve shell "growth" in planar surfaces, samples of 
carbonate rocks were cut into smooth-surfaced blocks and 
molded into experimental concrete bars. These bars were then 
placed in environment B for 30 days, after which sections were 
taken for etching and thin-section preparation. Although some 
of the aggregate blocks displayed no visible reaction shells 
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at the periphery, acid etching of sections demonstrated that 
shells had formed without affecting the appearance of the 
rock (Bisque and Lemish, 1959a, Pig. 18). In thin section, 
the reaction shells were very similar to those developed in 
samples of deteriorated concrete. See Section VI. 
Close examination of etched surfaces of a dolomitic 
aggregate which developed reaction shells showed that the 
introduction of material responsible for the shell growth 
affected the calcitlc matrix of the rock, changing its sus­
ceptibility to hydrochloric acid leaching, but did not affect 
the dolomitic rhombs (Bisque and Lemish, 1959a, Pigs. 18-22). 
In the unaffected interior portion of the host rock, the cal­
citlc matrix was considerably more soluble than the dolomite 
rhombs, and the rhombs were "left behind" as the matrix was 
rapidly etched away. This situation changed drastically in 
the peripheral zone affected by shell growth. Acid etching 
of the shell zone dissolved away the dolomite, leaving perfect 
casts of the rhombs in a siliceous, skeletal network which re­
mained after the carbonate minerals were completely leached 
away. In other words, the reaction which caused shell growth 
affected the matrix and not the dolomite rhombs. It was pre­
viously stated that thin section examination indicated that 
the disseminated non-carbonate fraction of these rocks Is 
concentrated in the calcitlc matrix and conspicuously depleted 
in the dolomite rhombs. Chemical and X-ray analyses demon-
2k 
strate that a high percentage of this non-carbonate fraction 
is clay (Bisque and Lemish, 1958). 
It is difficult to postulate a mechanism for the forma­
tion of the skeletal, three-dimensional network which forms as 
silicification takes place unless one appeals to the clay 
particles distributed throughout these rocks. This non-
calcareous network is easily "separated" from the carbonate 
minerals in which it occurs by leaching with hydrochloric 
acid. After complete leaching, the skeleton often traps 
bubbles of carbon dioxide and actually floats to the surface. 
It is delicate when wet but can be handled when dry (Bisque 
and Lemish, 1959a, Pigs. 15-17). It is not possible that the 
small increase in silica content in the shell zone is alone 
responsible for the insoluble, spongy-appearing material which 
remains after acid leaching of all calcareous material. The 
weight of this skeleton is often more than three times as 
great as the weight of the "secondary" or "introduced" silica 
which caused its formation. In addition, the skeleton con­
tains appreciable aluminum (Bisque and Lemish, 1959a, Table 
l|.). It would require a relatively small amount of silica to 
join or "tie together" the clay-size particles in the rock and 
fabricate this network. Further discussion of this postula­
tion is included in Section IX. 
The fact that the penetration and nature of the reaction 
shell is affected by the lithologie character of a carbonate 
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rock was demonstrated by effecting shell growth in a block of 
carbonate rock which displayed definite variation in litholcgy. 
It was shown that the less argillaceous portion of the rock 
impeded shell penetration, while more argillaceous zones 
facilitated the process (Bisque and Lemish, 1959a, Pigs. 23-
26). In the series of photos referred to above, it can be 
seen that a prominent "frontal wave" precedes the main shell 
zone which extends inward from the surface of the carbonate 
block. Reference to this frontal wave is made in the follow­
ing paragraphs. 
Several aggregate blocks were soaked in socium silicate 
solution for three days prior to molding them into experi­
mental concrete bars. After placing the bars in environment 
B for 30 days, sections were taken to examine the character 
of reaction shells which were formed by this double treatment. 
It was found that two distinctly separate shells had formed 
(Bisque and Lemish, 1959a, Pig. 27). The shell which formed 
in the sodium silicate solution had migrated inward as the 
second shell formed, leaving an unaffected zone between the 
two. The reason for the definite separation of the two shells 
is not clear, but the same phenomena occurred in all of the 
blocks treated in this fashion. The separation may be due to 
a mechanism similar to the type, or types, responsible for 
rhythmic precipitation which is associated with the formation 
of Liesegang rings in nature (Hauser, 1955)• The "frontal 
26 
wave" seen in the figures referred to above is definitely due 
to rhythmic precipitation since the source of the migrating 
species, silica, was constant and uninterrupted. 
The rhythmic precipitation of various ions in silica gels 
has been described in the literature (See references in 
Hauser (1955) » but no mention was found of experimental 
rhythmic precipitation of silica itself. 
The surfaces of several carbonate aggregate blocks were 
thickly coated prior to placing them in cement paste, by 
rubbing them with a laboratory grease pencil. This coating 
of grease did not prevent the growth of a reaction shell 
(Bisque and Lemish, 1959a, Fig. 27)• 
The sampling of shell zones and the corresponding host 
rock for chemical analysis is quite tedious. Any practical 
method of procuring a quantity of a representative sample of 
these zones and a sample of the adjacent unaffected rock for 
chemical comparison is open to criticism since contamination 
of either portion by the other or by fragments of cement paste 
and/or fine quartz aggregate would cause serious variations. 
The following scheme was used to circumvent sampling diffi­
culties. 
Chips of a given aggregate type of definite sorted size 
were washed with distilled water and dried to constant weight 
at 80° C. The chips which were of such a size that subsequent 
shell growth would affect the entire particle were then 
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divided into two portions. One portion was set aside for 
chemical analysis and porosity studies and the other identical 
portion equilibrated with cement paste in environment B, This 
was done in two ways. Some of the chips were equilibrated 
with fragments of neat cement paste (i.e. cement paste with no 
fine aggregate) in polyethylene containers while others were 
placed in "ports" of specially molded concrete bars. The bars 
were made in the laboratories of the Iowa State Highway Commis­
sion according to specifications and contained washed quartz 
sand as fine aggregate (Bisque and Lemish, 1959a, p. and 
Pig. 28). The carbonate chips were carefully removed at in­
tervals, washed, and dried to constant weight. The unaccept­
able aggregates gained weight, while the acceptable types 
(relatively pure carbonate rocks) did not. The weight changes 
for several aggregate types are shown by Bisque and Lemish 
(1959a, Pig. 29). Additional data is included in Table 8 of 
the Appendix. 
Chemical analyses of samples of unacceptable aggregate 
before and after this treatment proved definite and appreci­
able increases in silica content (Bisque and Lemish, 1959a, 
Table 3)• See also, Table 9 in the Appendix. This table in­
cludes in addition, results of flame photometric analyses for 
sodium in aggregate chips before and after equilibration. 
These results are included as additional proof that the 
process of reaction shell growth is distinct from the alkali-
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aggregate reaction. It has been suggested that siliceous gels 
similar to those formed in concrete affected by the alkali-
aggregate reaction fonn in the periphery of the aggregate 
particles, causing the reaction shells. These data demon­
strate that the amount of sodium in the shell zone (in this 
case the entire aggregate chip) does not increase as silica 
is introduced. Chemical analysis of samples of siliceous 
gels taken from various concrete structures affected by the 
alkali-aggregate reaction show that the gels contain from 6 
to 26 percent soda and potash, soda predominating (Powers and 
Steinour, 1955)• 
Other portions of these samples were used to determine 
the effective porosity before and after shell growth. It was 
necessary to combine chips of several different samples of 
unacceptable aggregate in order to have a large enough sample 
for determination of effective porosity after equilibration. 
A blank (the same rocks before equilibration) was prepared by 
using a combined sample of identical proportions of the un­
treated samples. The effective porosity of the unacceptable 
aggregates before equilibration with concrete was 6.5 percent, 
whereas the effective porosity of an identical sample after 
equilibration was 2.6 percent. These results are in accord 
with similar determinations made on the shell zone and corres­
ponding host rock samples taken from affected highway con­
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crete (Bisque and Lemish, 1959a, p. 39). The effective 
porosity of a combined sample of acceptable aggregate changed 
from 3*8 percent to 3*6 percent. This change is within the 
range of error of the method. 
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IX. DISCUSSION 
Discussion of the technical information presented in the 
foregoing sections will be concerned with the engineering and 
geological significance of the study. 
Engine ering 
It is felt that enough experimental evidence has been 
presented to warrant the conclusion that the chemical activity 
described is distinct from the alkali-aggregate reaction. The 
common occurrence of reaction shells in distressed concrete 
and their absence in concrete of sound highways is sufficient 
to indicate that they are associated with deterioration. In 
comparing thin sections of sound concrete with those of sam­
ples taken from condemned sections of highways, Lemish et al. 
(1958» Figs. 8 and 9) noted that the cement paste is definite­
ly altered in respect to its effect on plane polarized light. 
If one were to make an approximate, hypothetical calcula­
tion, assuming that forty percent of the volume of concrete is 
coarse aggregate of one inch cubes, and further assuming that 
this aggregate is silicified to a depth of one-eighth of an 
inch and to a degree indicated by this study (Table 9 in the 
Appendix), he would find that 5 to 10 percent of the silica 
present in average neat cement paste has been stabilized in 
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the aggregate. It seems reasonable to assume that this loss 
of silica might impair the strength of the cement paste which 
is the bonding agent. Actual strength tests have not been 
made on concrete before and after shell growth, but since the 
reaction is easily promoted in the laboratory, such studies 
would be relatively simple if the proper equipment were avail­
able. 
One or more of several methods might be employed to 
determine the relative susceptibility of other carbonate rocks 
to this type of silicification. 1) The rock samples might be 
molded into concrete bars, the bars placed in warm distilled 
water for thirty days, and sections cut for acid etching 
(Bisque and Lemish, 1959a, Pigs. 3-14)• 2) The same effect 
can be achieved more rapidly by use of an autoclave (Lemish 
and Bisque, 1959). 3) It has been demonstrated that this type 
of silicification of argillaceous carbonate rocks can be 
effected in several hours' time by subjecting the samples to 
vapors of silane derivatives (Hiltrop and Lemish, 1959). Ij.) 
The reactivity of the rock might be inferred by reference to 
the aluminum content and/or the amount and type of clay as 
determined by X-ray diffraction techniques. 
It is possible that an efficient and economical means of 
treating argillaceous carbonate rocks to prevent this reaction 
might be developed. It may be possible to alter the character 
32 
of Portland cement paste so as to prevent the migration of 
silica. The use of low-alkalie cements might deter the growth 
of siliceous reaction shells by decreasing the amount of 
silica in equilibrium with the paste (Lea and Desch, 1956# 
Chapt. 9)• 
This study demonstrates that the chemical reactivity of 
all of the mineral species in a rock must be considered in 
evaluating it as an aggregate. In this case a minor fraction 
of an otherwise suitable aggregate is responsible for causing 
it to react with a constituent of the cement paste. The en­
vironment which a rock experiences in Portland cement paste 
is quite different from the types of environment generally 
considered when the "stability" of a rock is referred to. In 
concrete, the aggregate is completely enclosed in a man-made 
"rock" which is unique in that 1) it is relatively homogeneous 
as regards porosity and chemical composition; 2) it supports 
a high pHj 3) it is composed essentially of products of rapid 
hydration processes (Lea and Desch, 1956, Chapt. 9); 1|) it is 
found in a wide variety of geologic and climatic settings. 
Geology 
The characteristics of argillaceous carbonate rocks which 
have been elucidated by this study may be of interest to the 
geologist. 
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As previously stated, the clay fraction was separated 
without acid treatment via a flotation technique. Although 
the clay-size non-carbonate material appears to be dissemi­
nated throughout the calcitic matrix of the argillaceous rocks 
studied, fine grinding of the rocks liberates most of it, 
allowing separation by flotation. This might be taken to 
indicate that the bulk of the clay particles are situated 
along grain boundaries, i.e. pore surfaces, and not "enclosed" 
within a calcitic matrix. The rock samples need not be ground 
to less than 200 mesh in order to "free" practically all 
(75-90 percent) of the clay material present. Since the rocks 
would fracture or part preferentially along grain boundaries 
during grinding, most of the material would be abraded from 
the surfaces of the rock fragments. This would explain the 
efficient separation brought about by flotation. 
Other indications that the clay is situated at grain 
boundaries are afforded by a) the formation of a three 
dimensional, siliceous, skeletal structure upon silicifica­
tion, b) the decrease in effective porosity which accompanies 
silicification, and c) comparison of the fluoride and silica 
reactivity of various carbonate rocks. Each of these points 
will be discussed in turn. 
The formation of a siliceous skeletal network which con­
tains aluminum is perhaps the strongest indication that the 
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clay particles are situated on pore surfaces. To form this 
network, it is necessary for silica to enter the rock and tie 
together clay-size particles in such a fashion that subsequent 
acid leaching of the carbonate minerals can occur without com­
plete breakdown of the rather delicate three dimensional net­
work formed. The fact that the silicification process occurs 
readily in aqueous solution and forms a substantial skeleton 
would require that the migrating silica gain easy access to 
the sites of deposition (clay particles) and that the parti­
cles be situated in a spatial relationship which facilitates 
the formation of such a skeleton. Both of these requirements 
are met by the postulation presented. 
The "tying together" of clay particles by silicon ions 
mig&t be visualized as follows: 
The presence of perfect casts of dolomite rhombs in the 
leached skeleton is evidence that the rhombs were well 
"surrounded" by clay particles. This may be the result of 
considerable "space", i.e. pore volume, at the dolomite-matrix 
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interface which contains clay sized particles of non-carbonate 
material. 
The fact that a given weight of "introduced" silica 
causes the formation of a skeleton which weighs up to three 
times as much as the silica itself, indicates that the spatial 
relationship of the particles which become a part of the 
skeleton is such that a high percentage of the silicon ions 
Introduced are effective in contacting more than one clay 
particle from a given position. This situation is more com­
patible with the idea that the clay particles are "grouped" 
or at least somewhat oriented on the surfaces of micro-
interstices rather than completely and randomly dispersed 
throughout the calcitic matrix. Evidence that the type of 
silicification described in this thesis can be brought about 
by monomer!c silica alone and doesn't require longer chained 
species, i.e. dimers, trimers, etc., is found in a report by 
Hiltrop and Lemish (1959). In this case argillaceous carbon­
ate rocks were silicified by exposing them to vapors of mono­
mer! c silanes. The same type of siliceous skeleton remained 
after acid leaching of the treated samples. 
The term "clay particle" in this discussion is used to 
denote size (smaller than 5 microns) and bears no implication 
as to the mineralogy of the material. In other words, al­
though the only identifiable clay group in these rocks was 
illite, it is not inferred that all of the particles referred 
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to as "clay particles" are illitic in nature. Many of them 
may be amorphous or pseudo-amorphous groupings of silica and 
alumina. An indication that this may be the case is found in 
the chemical analysis of the clay-size fraction. 
Samples of clay-sized material were separated via the 
flotation technique previously referred to and dried to con­
stant weight at 100° C. One gram samples, representing an 
average of the clay fraction from several argillaceous litho­
logie units in the Burton and Glory quarries were analyzed 
with the following results. 
Table 1. Chemical analyses of clay fractions 
Sample 1 Sample 2 
Loss on ignition 15.7 11.9 
% Si02 35.0 38.0 
% AlgO^  26.9 25.1 
% MgO 6.6 7.8 
% FeO 3.1 3.2 
% CaO 11.5 12.7 
Total 98.8 98.7 
Although these results cannot be compared to analyses of 
well-ordered illitic clays, certain conclusions can be drawn. 
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It has been established that there is less substitution of 
aluminum for silicon in the lattice of illitic clays than 
there is in the well crystallized micas. About one-fourth 
of the silicon atoms in a mica are replaced, whereas the aver­
age for ill!tes is closer to one-sixth (Grim, 1953# p. 67)• 
Referring to the analyses above, if it is assumed that all of 
the silicon was present in an illitic clay there is an excess 
of approximately 20 percent alumina in each sample. Since 
the X-ray diffraction pattern reveals no types of crystalline 
clay other than illite, it must be concluded that a good pro­
portion of the clay-sized, noncarbonate material is amorphous• 
Illites do not usually contain appreciable amounts of 
calcium. If the value for CaO in the above analyses is con­
verted to calcium carbonate, the calculated loss of carbon 
dioxide from this amount accounts for 82 percent of the "loss 
on ignition" in sample 1 and 98 percent in sample 2. This is 
only a rough approximation since some of the calcium may have 
been in the clay, and a portion of the loss on ignition may 
have been due to decomposition of magnesium carbonate and/or 
dolomite. 
The point to be stressed is the fact that these analyses 
afford substantial proof that much of the clay-sized, non-
carbonate fraction of these rocks is amorphous. 
The marked decrease in effective porosity which accom­
panies silicification may be an indication that the added 
38 
silica is stabilized in positions which render it very effec­
tive in limiting access to pore spaces. This might be ex­
plained by the postulation that much of the silica introduced 
serves to close or plug micropores which lead to and/or con­
nect larger pores. This would occur very readily if micro­
pores were lined with clay particles. Although the added 
silica has a marked effect on the entrance of mercury (and 
probably water), it may not hinder the diffusion of ions 
through the pores once the rock is saturated. An indication 
that this is true is found in the following paragraphs. 
The results of silica and fluoride reactivity studies may 
be also interpreted to substantiate postulations made in the 
foregoing discussion. 
The fluoride reactivity of rocks of similar carbonate 
content varies quite drastically with relatively minor varia­
tions in the amount of noncarbonate material present. This 
indicates that some portion of the noncarbonate fraction has 
a profound influence on the accessibility of the carbonate 
lattice to the migrating fluoride ion. If this "screening" 
of the carbonate lattice were due to the clay present, there 
should be an inverse, rather than direct, relationship be­
tween the silica and fluoride reactivity of these rocks, since 
the clay "reacts" with silica. In Table 1j. of the Appendix, 
data concerning 22 samples are arranged according to decreas­
ing fluoride reactivity and the silica reactivity is given in 
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an adjoining column. 
Further studies have shown that the fluoride reactivity 
of a rock is not markedly altered by first subjecting it to 
silicification. The converse is also true, as is evidenced 
by the data in Table 5 of the Appendix. Therefore the changes 
brought about by "adding" silica to the clay particles do not 
appreciably affect the accessibility of the carbonate lattice 
to the fluoride ion. This does not seem unreasonable since 
it has been shown that the silica merely serves to bind the 
particles together in a three dimensional network. Although 
this has a marked effect on the effective porosity measured 
with mercury, it apparently does not hinder the migration of 
fluoride ions. In turn reacting a rock with fluoride would 
not be expected to change the susceptibility to silicification 
appreciably since only the carbonate is altered. 
The term "silicification" is used with a variety of mean­
ings in the geologic literature. It may be applied to proc­
esses which merely increase the proportion of silica in vari­
ous rocks or to a complete replacement mechanism whereby the 
host rock is entirely removed as silica is deposited. The 
products of several types of natural silicification may be 
observed in the quarries sampled for this study. The most 
common of course are the numerous chert nodules, lenses and 
beds. Another less common example is the complete replacement 
of relatively pure calcite in geodes, resulting in the 
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formation of doubly terminated quartz crystals. If such a 
geode is leached with hydrochloric acid, the calcite is re­
moved and the quartz crystals drop free of the matrix. A 
third and least common example is the replacement of carbonate 
rock fragments which are included in chert nodules (Bisque and 
Lemish, 1959a, Figs. 30 and 31)• 
The latter two examples probably did not involve clay 
minerals since the host material is relatively pure carbonate. 
It is possible, however, that clay is involved in some .types 
of "chertification". The structure of certain naturally oc­
curring chert nodules bears resemblance (on a larger scale) to 
the spongy-appearing shell zone described in this study (Nor­
ton, 1916, p. 420; Bisque and Lemish, 1959a, Figs. 20 and 21). 
The selective silicification which is responsible for the 
formation of this type of nodule may well have been controlled 
by clay minerals present in the host rock. Certain types of 
highly porous oil reservoir rocks are the result of partial 
silicification of carbonate rocks and subsequent leaching of 
carbonate minerals (Murray, 1959). 
There is no good evidence that the type of silicification 
described in this study involves a true replacement mechanism. 
It is possible, however, that the stabilization and subsequent 
concentration of migrating silica brought about by the clay 
fraction of these rocks may be an early stage in processes 
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leading to chert formation. 
The dolomite of marine carbonate rocks is believed to be 
secondary, that is, formed by reorganization of ions after 
deposition (Fairbridge, 1957)• This might occur by reorgani­
zation of ions present with loss of calcium or reorganization 
of ions present with additional magnesium introduced from some 
outside source. It is interesting to speculate on the rela­
tionship of the clay fraction to dolomitization. 
A question might be asked as to whether the clay was 
present before the introduction of magnesium or whether it was 
introduced along with it. Studies have shown that recent 
marine sediments contain appreciable amounts of clay, illite 
predominating (Grim et al., 1949). The relationship of mag­
nesium and insoluble residue content noted in this study, 
however, indicates that there may be some relationship between 
the processes which introduced magnesium (or leached calcium) 
to foim dolomite and the processes responsible for the amount 
of clay material in these rocks (Bisque and Lemish, 1959). 
Thin section studies indicate that the dolomite phase in 
these rocks is comparatively free of siliceous impurities. 
Assuming that the clay was present from the time of deposi­
tion, this would indicate that it was re-worked as the dolo­
mite was formed. Is this material still being re-worked as 
calcium carbonate becomes more crystalline? If so, this may 
account for the fact that the material still appears quite 
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randomly disseminated in the calcitic matrix of these rocks. 
Perhaps after further recrystallization, clear calcite rhombs 
would be more prevalent and the clay fraction would appear 
less disseminated. This trend would ultimately result in the 
exclusion of the bulk of the siliceous material from the car­
bonate minerals. Subsequent migration of this material and 
aggregation at sites of greater stability would result in 
chert formation. There is ample evidence that chert is sec­
ondary and formed from materials originally present in carbon­
ate sediments. In a study of chert nodules of Cambrian to 
Mississippian age, Biggs (1957) demonstrated that fragments 
of structures and textures of host rock in cherts support 
the hypothesis that chert is epigenetic. 
There may be some genetic relationship between the clay 
material in these rocks and the dolomite present. The type 
and state, i.e. particle size, degree of crystallinity, etc., 
of the clay fraction may be indicative of environment. . . . 
Many such general postulations can be raised but only de­
tailed quantitative studies of the chemical and physical be­
havior of the minerals present in these rocks, coupled with 
objective interpretation of related field evidence can afford 
a means of attempting to evaluate them. 
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X. SUMMARY 
A study was undertaken to determine and define the nature 
of the chemical activity which results in the growth of "reac­
tion shells" in certain carbonate rocks when they are used as 
coarse aggregate in concrete. The formation of these shells 
is shown to be due to stabilization of silica from some out­
side source, in this case the cement paste. Similar reaction 
shells were grown in aqueous solution under controlled condi­
tions. It is demonstrated that only argillaceous carbonate 
rocks are host to this type of silicification, because the 
clay material functions as a site of stabilization for silica. 
The nature of the rocks involved is investigated by 
chemical analysis, fluoride replacement studies, thin section 
analysis, porosity studies and X-ray examination of the clay-
size fraction. In addition, reaction shell growth was studied 
by actual simulation and by determination of the susceptibility 
of various carbonate rocks to reaction with silica. 
The type of chemical activity involved in the growth of 
these shells in concrete is shown to be deleterious to the 
stability of cement paste and distinct in nature from the 
alkali-aggregate reaction. 
Speculation as to the geologic significance of the study 
is included in a discussion section. 
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XIII. APPENDIX - METHODS AND SUPPLEMENTARY DATA 
Aluminum Determination 
Calcium, magnesium and iron were determined volumetrical-
ly with versene as outlined by Cheng et al. (1952). An 
aliquot of the same sample solution was used to determine the 
sum of iron and aluminum via a back titration procedure which 
involves the formation of the zinc-dithizone complex as a 
visual indicator. A thorough study of this end point reaction 
was made by Wanninen and Ringbom (1955). Several modifica­
tions of their general procedure have been employed in this 
application. 
Procedure 
The sample solution used for determination of calcium, 
magnesium and iron contained 1,00 gm. of carbonate rock in 
500 ml. of dilute hydrochloric acid. The pH of this solution 
was approximately 1-2. An appropriate sized aliquot, ranging 
from ten to twenty-five ml. was placed in a 1*.00 ml. beaker 
and an excess of 0.002$ M. versene added from a burette. The 
aliquot size and amount of versene necessary will vary con­
siderably with the character of the carbonate rock. The 
amounts necessary can be readily estimated as follows. 
Place an aliquot (25 ml. for rocks with a low percent of 
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insoluble material and 10 ml. for rocks with a high percent 
of insoluble residue) of the sample solution in a lj.00 ml. 
beaker. Add 20 ml. of 0.002$ M. versene solution, boil gently 
for five minutes and dilute with 25 ml. of warm acetone 
(caution). Adjust the pH to 1|.ij. with, sodium acetate solution 
and add several drops of dithizone indicator. If the result­
ing solution is blue, sufficient versene has been added to 
complex all of the iron and aluminum and an excess is still 
present. If the resulting solution is pink, either the sample 
aliquot size must be reduced or more versene must be added. 
In analyzing rocks which are related geologically, i.e. from 
the same formation, etc., it is frequently possible to esti- • 
mate the necessary ratio of sample aliquot size to versene 
volume by judgement based on prior analyses of rocks from the 
same group. In this study, the ratio was estimated according 
to the previously determined percent of insoluble material. 
Once this ratio was established, the amount of excess 
versene present was determined as follows. Appropriate 
amounts of the sample solution and 0.0025 M. versene were 
boiled for five minutes at pH 1-3. Thirty to forty ml. of 
warm acetone were added (caution) and the pH Immediately ad­
justed to using a pH meter with the proper temperature 
correction. Sufficient dithizone solution was then added to 
give the solution a light blue color. This required from 
10-20 drops depending on lighting conditions, background, etc. 
53 
The excess versene was then titrated in the hot solution 
with 0.001 M. zinc solution. The pH was monitored and kept 
at If.,If. by adding sodium acetate solution dropwise during the 
titration. The end point is a sudden blush from light blue 
to light pink. 
The number of millimoles of iron and aluminum in the 
sample are determined by subtracting the number of millimoles 
of zinc used in the back titration from the number of milli­
moles of versene added to react with the sample aliquot. The 
difference between this and the number of millimoles of iron 
present in the sample (determined in another aliquot) gives 
the number of millimoles of aluminum present. 
Several details of the method should be mentioned: 
1) Dithizone (diphenylthiocarbazone) from Eastman 
Kodak Company was used. The same compound from 
another manufacturer did not function properly, 
presumably because of impurities. 
2) The amount of excess versene should always be at 
least 0.01 millimoles. In other words, the back 
titration should require no less than 10 ml. of 
the 0.001 M. zinc solution. 
3) The acetone used was not re-distilled or other­
wise purified. 
If.) The back titrations were made at temperatures of 
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at least 65° G. Both the acetone and sodium 
acetate solutions were kept hot to avoid cooling 
the sample solution. 
Iron Determination 
The iron in these samples was determined as follows. 
A 50 ml. aliquot of the sample solution (pH 1-2) was 
placed in a 400 ml. beaker and several crystals of ammonium 
persulfate added. The pH was adjusted to 3.8 and one ml. of 
salicylic acid indicator solution added. The purple-colored 
solution was then titrated until colorless or yellow with 
0.0025 M. versene solution delivered from a micro-burette. 
The pH was monitored and kept at 3.8* 
The results of aluminum determinations in 16 prepared 
samples by three different operators are shown in Table 2. 
Preparation of Reagents 
Standard calcium solution 
A 0.0250 M. calcium solution was prepared by dissolving 
4*997 gms. of reagent grade calcium carbonate in dilute 
hydrochloric acid and diluting to one liter. 
Versene solution 
A 0.0250 M. solution was first prepared by dissolving 8.5 
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grams of the disodium salt of versene in a liter of water and 
adjusting to 0.0250 M. by dilution and standardization against 
the standard calcium solution. The 0.0025 M. solution was 
then prepared by quantitative dilution of this stock solution. 
Zinc solution 
A 0.010 M. stock solution was prepared by dissolving 
0.654 gms. of standard-pure zinc metal in hydrochloric acid, 
diluting to exactly one liter. This solution was then diluted 
1:10 to prepare the 0.001 M. solution used in the back titra­
tion. 
Aluminum solution 
A 0.010 M. stock solution was prepared by dissolving 
0.270 gms. of pure aluminum metal in hydrochloric acid and 
diluting to exactly one liter. This solution was then 
diluted 1:10 to prepare a standard 0.001 M. solution. 
Iron solution 
A 0.010 M. stock solution was prepared by dissolving 
0.558 gms. of electrolytically pure iron metal in hydrochloric 
acid and diluting to exactly one liter. This solution was 
then diluted 1:10 to prepare a standard 0.001 M. solution. 
Sodium acetate solution 
A saturated solution was prepared and diluted to a degree 
suitable for easy dropwise adjustment of the pH during titra-
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tions. The saturated solution was used for the initial, rough 
adjustment of pH after boiling. 
Dithizone indicator 
A saturated solution of dithizone (Eastman Kodak) in 
ethanol was used. 
Salicylic acid indicator 
Prepared by dissolving 0.1 gm. of salicylic acid in 100 
ml. of methanol. 
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Table 2. Results of aluminum determinations 
Elements present (millimoles) Added Pound Relative 
Ca (mm) Mg (mm) Fe (mm) A1 (mm) A1 (mm) error ($) 
3 3 0.0050 0.0100 0.0100* 0 
3 3 0.0050 0.0150 0.0152 + 1.4 
3 3 0.0100 0.0150 0.0153 + ro
 0
 
3 3 0.0100 0.0200 0.0203 + 2.0 
3 3 0.0100 0.0100 0.0101 + 1.0 
3 3 0.0100 0.0000 0.0001 - -
3 3 0.0150 0.0100 0.0103b + 3.0 
3 3 0.0150 0.0150 0.0153 + 2.0 
3 3 0.0150 0.0200 0.0200 0 
3 3 0.0150 0.0250 0.0254 + 1.7 
3 3 0.0200 0.0150 0.0153 + ro
 
.
 
0
 
3 3 0.0200 0.0200 0.0202 + 1.0 
2 3 0.0200 0.0100 0.0102° + 
0
 
.
 
CVJ 
2 3 0.0200 0.0150 0.0153 + 2.0 
3 2 0.0200 0.0200 0.0203 + 1.5 
3 2 0.0200 0.0250 0.0250 0 
A^nalysis run by operator 1. 
bAnalysis run by operator 2. 
cAnalysis run by operator 3» 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
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Comparison of "soluble" and total aluminum 
1o A1203 in HC1 
"Extract" 
0.0 
0.06 
0.08 
0.12 
0.16 
0.20 
0.24 
0.30 
0.32 
0.64 
0.69 
0.85 
0.92 
0.93 
$ AlgOj total 
(NaCO^  fusion) 
0.04 
0.07 
0.08 
0.34 
0.92 
1.10 
1.10 
1.30 
1.21 
2.30 
2.70 
2.80 
3.40 
3.30 
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Table 1^ . Silica and fluoride reactivity of some carbonate 
rocks 
Analyse sa Reactivity*5 
Sample0 C^aCO^  #MgC03 % Insoluble 
residue 
Fluoride 
Reacted) 
Silica 
(# Reacted) 
AN- 5 99 1 1 92 17 
AN- 10 99 1 1 90 28 
OG- 2k 97 2 1 87 25 
BTN-25 95 2 2 83 33 
AN- 18 94 3 2 83 36 
BTN- 7 93 3 4 81 48 
OG- 22 95 2 3 76 32 
BTN- 6 90 5 6 69 41 
NTN-12 80 20 1 65 26 
BTN-12 88 6 6 60 43 
AN- 12 98 1 1 ' 57 35 
OG- 7 67 19 11 53 47 
OG- 10 62 17 21 51 50 
OG- 9 60 22 15 46 46 
BTN-23 53 30 17 45 50 
OG- 21 85 6 9 42 38 
OG— 8 70 19 11 28 53 
BTN-15 52 28 19 26 82 
BTN-19 42 32 26 23 75 
BTN-17 31 17 52 19 78 
aThese are analyses of a representative sample of the 
actual chips used in these tests and not the analyses of the 
bulk quarry sample. 
bsee Section VII, "Silica and Fluoride Reactivity." 
cSample code: AM - Alden Quarry; OG - Glory Quarry; 
BTN - Burton Avenue Quarry; NTN - Newton Quarry. 
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Table 5« Consecutive determinations of silica and fluoride 
reactivity* 
Code0 
% Silica 
1st run 2nd run 3rd run 
% Fluoride*5 
reacted 
% Silica 
4th run 
BTN- 6 48 46 46 68 39 
BTN- 7 48 44 39 78 27 
BTN-l£ 82 77 72 21 61 
BTN-17 45 a 40 19 32 
BTN-19 75 72 68 21 67 
BTN-23 50 43 41 40 33 
BTN-25 34 30 28 76 18 
OG- 8 52 47 41 20 36 
OG- 21 36 34 32 38 29 
OG- 2 50 47 47 42 41 
AN- 10 29 26 27 70 27 
AN- 12 35 35 30 56 27 
NTN-10 23 19 19 61 14 
aThese determinations were run consecutively, from left 
to right, on the same rock samples. 
C^ompare with fluoride reactivity of same samples before 
silicification. See Table 4 in this Appendix. 
cCode; OG- - Glory Quarry; AN - Alden Quarry; BTN -
Burton Avenue Quarry. 
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Table 6. Length changes of concrete bars which were kept dry 
at room temperature (Environment A) 
Bar number Measurement 
(inches from refer-
ence) 
Change in length # change 
(inches) (shrink-
age)_ 
Acceptable aggregate 
13 
14 
16 
17 
18 
Unacceptable aggregate 
23 
24 
28 
33 
36 
37 
-0.0028 
-0.0006 
-0.0130 
-0.0127 
-0.0413 
-0.0437 
—0.0064 
-0.0072 
-0.0070 
-0.0108 
-0.0265 
-O.O324 
+0.0047 
+0.0006 
-0.0079 
-0.0112 
-O.O289 
-O.O324 
-0.0235 
-0.0263 
-0.0329 
-0.0357 
-0.0161 
-0.0228 
-0.0191 
-0.0139 
-0.0053 
-0.0003 
0.0022 
0.0027 
0.0024 
0.0008 
0.0038 
0.0059 
0.0041 
0.0033 
0.0035 
0.0028 
0.0028 
0.0067 
0.0052 
0.0050 
-0.01# 
-0.02# 
-0.02# 
-0.01# 
-O.O3# 
-O.O4# 
-O.O3# 
-0.02# 
-O.O3# 
-0.02# 
-0.02# 
-0.04# 
—0.04# 
-0.04# 
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Table 7. Length changes of concrete bars subjected to wetting 
and drying cycles (Environment B) 
Bar number Measurement Change.In length # change 
(Inches from reference) (Inches) (shrink-
afle? 
Acceptable aggregate 
11 :o:o033 +0.012 
12 +o!oi^ 9 0.002$ +0.01# 
15 -0.*0337 0.0018 +0.01# 
-0.0080 . 
19 -0.0051 0.0029 +0.02# 
20 +O!O291 0.0027 +0.02# 
Unacceptable aggregate 
-0.0094  ^ . 
1 -0.0061). 0.0035 +0.02# 
5 +O!OIO3 0.0015 1-0.01% 
10 Zoioiijl 0.0013 -0.01% 
21 +O!O023 0.0025 +0.02% 
25 -o!ol67 0.0023 +0.02# 
30 Io!ol62 0.0028 +0.02# 
31 :o!O077 0.0001 0.0 
35 0-0006 +0.01# 
^0 0.0014 +0.01 
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Table 8. Accumulative weight change of aggregates in equilib 
ritun with concrete (Weight in milligrams) 
Approximate days elapsed 
Code* 10 days 20 days 30 days 60 days 
Acceptable aggregates 
OG- 22 - 9*0 -16.0 -21.0 -23.O 
i 8 -11.0 -13.0 -17.0 -21.0 
AN- 5 — $.0 -10.0 -14.0 -26.0 
AN- 7 — 2.0 - 6.0 -10.0 -10.0 
Unacceptable aggregates 
0G- 1 +24.0 +41.0 +65.5 
0G- 2 + 8.5 +32.0 +48.5 +72.0 
0G- 4 + 9.0 +28.0 +29.0 +62.0 
OG- 5 +20.0 +37.5 +61.5 +78.5 
OG- 7 +21.0 +32.5 +58.0 +69.0 
BTN-14 +18.0 +39.0 +67.0 +82.0 
BTN-15 +23.0 +40.5 +62.0 +80.5 
aCode: OG - Glory Quarry; AN - Alden Quarry; BTN 
Burton Avenue Quarry. 
Table 9. Chemical analyses of aggregate chips before and after equilibration with 
concrete 
Code* : 
Before NagO 
(ppm) 
After NagO 
(ppm) % Si02 % CaCOg % MgCOj % Si02 % CaCO^  % MgC03 
Acceptable aggregate 
OG- 22 0.10 97.$ 2.3 30 0.11 97.$ 2.3 30 
OG- 24 0.90 96.$ 2.1 20 0.90 96.4 2.0 2$ 
Unacceptable aggregate 
OG- 1 7.2$ 74.7 12.9 1$ 13.20 73.1 12.0 1$ 
0
 
tn
 1 ro
 
16.2$ &4.0 l$.3 2$ 19.00 62.1 l$.l 20 
OG- lj. 15.20 $9.2 21.2 20 19.10 $7.6 20.1 1$ 
OG- $ 16.10 $7.4 18.1 10 20.2$ $6.1 17.8 10 
OG- 7 11.30 - - - - 10 12.8$ — — 10 
BTN-lij. 14.30 — — 30 16.10 — —  — 20 
BTN-1$ 10.7$ — —  — 10 14.50 — — $ 
aCode: OG - Glory Quarry; AN - Alden Quarry; BTN - Burton Avenue Quarry. 
